Abstract The successful invasion of a non-native species depends on several factors, including initial colonization and establishment of a self-sustaining population. Populations of the non-native paddle crab Charybdis japonica were first recognized in the Waitemata Harbour, Auckland, New Zealand in 2000, most likely arriving in ballast waters of an Asian merchant vessel. A survey completed in 2003 found C. japonica throughout the Waitemata Harbour, and further sampling in 2009 has revealed several well established populations in estuaries up to 70 km from the putative invasion point. As the potential for further establishment of C. japonica beyond this area may depend on the temperature and salinity tolerances of their free swimming larvae, we quantified the survival of newly-hatched Stage 1 C. japonica zoeae subjected to temperatures ranging from 11 to 43°C or salinities from 5 to 45% in the laboratory. Upon hatching, replicate C. japonica zoeae were directly transferred from 21°C and 34.6% seawater to either an experimental temperature or salinity level. Behaviour and death rates of the larvae were monitored over a 24 h period in the absence of food. Comparisons of zoeal survival rates to historical sea surface temperatures and salinities show that C. japonica Stage 1 zoeae tolerate a broad range of temperatures and salinities and could survive natural conditions throughout New Zealand. This gives C. japonica the potential to invade many other New Zealand estuaries and harbours.
Introduction
Describing the spread and distribution of marine invasive species is inherently complex and difficult to Electronic supplementary material The online version of this article (doi:10.1007/s10530-010-9860-2) contains supplementary material, which is available to authorized users. observe or document in the natural environment. Therefore, even with limited resources, the prediction of possible areas of establishment and spread of invasive species has become an important tool in management and eradication efforts (Kolar and Lodge 2001; deRivera et al. 2007; Vander Zanden and Olden 2008) . Enhanced predictive capability allows for the establishment of monitoring programs in critical areas and increases the chances of early detection and eradication (Simberloff 2009 ). However, predictions are especially difficult when basic ecological knowledge of reproduction, larval development and survival of the species in its new habitat is absent.
In this study we follow the approach of deRivera et al. (2007) by determining temperature and salinity tolerance ranges of Stage 1 zoeae to predict the possible range expansion of an introduced marine species in New Zealand. The Asian paddle crab Charybdis japonica (Crustacea: Decapoda: Portunidae) was first discovered in the Waitemata Harbour, New Zealand ( Fig. 1) in 2000, and its introduction is most likely the result of larval transfer in ballast water (Gust and Inglis 2006) . Although adult C. japonica are able to acclimate to a broad scale of salinities (from 30 to 14%) and temperatures (native mean monthly temperatures from 4 to 34°C) (Gust and Inglis 2006; Hong-Yu et al. 2008) in their native range, larvae may have narrower tolerance ranges that could prevent C. japonica from establishing new populations in New Zealand. Temperature and salinity are two of the most influential abiotic factors that may affect distribution ranges of invasive species like C. japonica, as they strongly influence survival, growth and development of crab larvae (Brett 1979; Sulkin et al. 1996; Anger 2001; Baylon and Suzuki 2007; Bravo et al. 2007 ) and ultimately the successful establishment of a species in a new environment (Epifanio et al. 1998; Rudnick et al. 2000; Gilman 2006; Sanford et al. 2006; deRivera et al. 2007; Storch et al. 2009 ). Understanding how Stage 1 C. japonica zoeae tolerate temperature and salinity fluctuations in newly invaded habitats may aid researchers in forecasting potential areas of spread as this invasion progresses in New Zealand's coastal and estuarine environments.
Materials and methods
Gravid C. japonica were collected from the Weiti River on the Whangaparaoa Peninsula of New Zealand (36°38.4 0 S, 174°43.6 0 E, Fig. 1 ) from January to March 2009 in baited oval-shaped collapsible 'Opera house' Fig. 1 Known locations of Charybdis japonica in northeastern New Zealand. Gravid females used in the experiments were collected from the Weiti River traps. The dimensions of the traps were 640 9 470 9 200 mm (l 9 w 9 h) with a diagonal mesh size of 20 mm and an entrance funnel opening into the trap with a diameter of 90 mm. Crabs were removed from the trap, individually placed in 10 l buckets containing seawater from the Weiti River and transported ca. 50 km to the Leigh Marine Laboratory. At the laboratory, the crabs were maintained in individual buckets containing 20 l of UV-treated and 1 ll filtered seawater (FSW hereafter) at ambient temperature, under a natural light regime, with air supplied by bubblers. Ambient seawater temperature during the experimental period was 20.9°C on average, with maximum and minimum values of 22 and 19°C respectively. The crabs were fed daily 1 adult mussel (Perna canaliculus) or oyster (Crassostrea gigas), and any uneaten food was removed during exchange of 90% of the seawater. Larval release was checked between 8 and 10 am daily.
Once hatching occurred, active Stage 1 zoeae displaying positive phototaxis were collected for either the temperature or salinity experiment. Five separate experiments were conducted during February to March 2009, each testing zoeae from a different female (carapace width [CW] 55 to 70 mm). In order to elucidate thermal and salinity thresholds, not every temperature or salinity level was repeated for each brood; instead, smaller experimental ranges were tested with each subsequent brood.
Temperature treatments
Stage 1 C. japonica zoeae were exposed to experimental seawater temperatures between 11 and 43°C at an ambient salinity of 35%. A constant temperature gradient (±1°C) was prepared using a large aluminum block (50 9 30 9 10 cm, l 9 w 9 h) fitted with recirculating hot and cold water baths (Julabo, Labortechnik GmbH, Germany) at each end. As the block contained 10 columns with 6 rows, we could simultaneously test up to 10 different temperature levels, each with 6 replicates. 10-20 Stage 1 zoeae were transferred into 20ml glass scintillation vials containing FSW, the lid loosely sealed and the vial placed in the temperature block and left for ca 10 min to equilibrate. To determine if the temperature block was influencing larval survival, for each experiment we ran a set of control vials (N = 9) at room temperature (23°C) outside the aluminum block. No food was added to either the experimental or control vials during the experiment as Jiang and Wang (2004) found that 18 h starvation did not affect the growth of Stage 1 C. japonica zoeae. Zoeal survival in all vials was assessed after 3, 6, 9, 12 and 24 h by removing the lid of each vial and counting and removing any dead zoeae. Zoeae were considered dead if they did not respond with movement to any prodding by a plastic Pasteur pipette. Simultaneously with the assessment of survival at each time interval, water temperature was recorded with a digital water resistant thermometer (Dick Smith Electronics, ±1°C). Dissolved oxygen content in the vials was checked after 24 h in the first round of experiments by placing a Microx TX3 oxymeter (PreSens Precision Sensing GmbH, Germany, ±1%) sensor in a randomly selected vial from each temperature level.
Salinity treatments
The effect of salinity on the survivorship of Stage 1 C. japonica zoeae was examined by exposure to salinities between 5 and 45% at room temperature of 23°C. Higher salinities were produced by the addition of rock salt to FSW; lower salinities were produced by dilution of FSW with UV treated, 1 lm filtered rainwater. 10-20 Stage 1 zoeae from each of the five females (CW 55 to 70 mm) were abruptly transferred from buckets with ambient salinity into 20ml glass scintillation vials containing 20 ml of either FSW at ambient salinity (control 35%) or into vials with one of the 4-6 experimental salinities (N = 9 replicates) and the lid loosely sealed. Zoeae were counted and observed for mortality after 1, 2, 4, 6, 8, 12 and 24 h as described in the temperature treatments. Dissolved oxygen content in the vials was checked after 24 h as described for the temperature treatments.
Statistics
Estimates of the temperature or salinity at which 50% of Stage 1 zoeae died, referred to as median lethal temperature, LT 50 , or median lethal salinity, LS 50 , were calculated from the mean survival data as sigmoidal dose-response relationship curves (with variable slope) for each duration of exposure using GraphPad Prism 5.
To determine the possible effect of the aluminum block, zoeal survivorship in the control vials was compared to the survivorship in vials in the aluminum block at the same temperature for two of the temperature experiments using non-parametric Mann-Whitney U tests to compare two independent samples.
Potential areas of spread
The potential for C. japonica to complete Stage 1 zoeal development north and south of its present range in northeastern New Zealand was examined by comparing sea surface temperature and salinity records over the past 10 years with the temperature and salinity tolerance thresholds determined experimentally. 
Results

Temperature
C. japonica Stage 1 zoeae were extremely tolerant of a broad range of temperatures (Fig. 2a) , with survivorship only affected by temperatures outside the environmental relevance for New Zealand (Fig. 3) . After 6 h, C95% of Stage 1 zoeae survived temperatures ranging from 11.3 to 35.9°C (Fig. 2a) . Survival rates of 100% over 24 h occurred in all replicates at temperatures of 16, 19, 24 and 25°C with high survival (C80%) when larvae were exposed to 12-33°C over the same period ( Supplementary  Fig. 1 ). At temperatures outside this range, survival decreased with time. For example, after 24 h of exposure, temperatures C34°C led to 50% survival, with only 33.1% surviving at 35°C, and 0% surviving at temperatures C36°C. Zoeae held at temperatures B16°C were still alive but showed reduced activity, although this variable was not quantified. Conversely, zoeae held at between 16 and 33°C remained active even after 24 h ( Supplementary Fig. 1 ).
Survival in the control vials did not differ significantly from survival in vials that were kept in the aluminum block at equal temperature (1st experiment: U = 459.5, P = 0.38, N = 44 in control, N = 24 in block; 5th experiment: U = 726, P = 0.81, N = 50 in control, N = 30 in block), indicating that the aluminum block had no effect on the survival of the Stage 1 zoeae.
The LT 50 for Stage 1 zoeae was between 35.9 and 34.1°C, decreasing slightly with increased exposure periods (Table 1) . There was no lower thermal limit detected in the range of experimental temperatures. LT 50 estimates for 3 and 6 h of exposure showed large confidence intervals because of the low mortality over the range of tested temperatures for this period of exposure (Table 1, Fig. 2a, Supplementary Fig. 1 ).
Dissolved oxygen content in the vials was between 92 and 96% after 24 h. Salinity Salinity affected the survivorship of Stage 1 C. japonica zoeae even within the environmentally relevant ranges that New Zealand waters experience (Fig. 4) . Zoeae did not tolerate hypo-saline seawater of B15%, even for short exposure periods (Fig. 2b) . In contrast, survival was still [85% after 6 h exposure in hyper-saline seawater of 40% (Fig. 2b) . However tolerance towards high salinities decreased with increasing duration of exposure. The salinity optimum of Stage 1 zoeae was found in the range of 18-35%, with survival rates varying from a maximum of 95.8 ± 1.1% at 35% to a minimum of 39.3 ± 6.7% at 25% after 24 h ( Supplementary  Fig. 2 ). With the exception of the outlier at 25%, 50% survival after 24 h only occurred at B19.1 and C39.6% ( Supplementary Fig. 2 ).
LS 50 values were found between 10.8 ± 0.2% and 12.8 ± 0.4% for exposure of up to 8 h towards hyposaline seawater (Table 2) . With extended exposure, LS 50 values increased to 19.1 ± 0.9% after 24 h. In hyper-saline seawater, LS 50 values reached 41.5 ± 0.5% after 12 h and decreased to 39.6 ± 0.7% after 24 h.
Dissolved oxygen content in the vials was between 94 and 99% after 24 h.
Potential areas of spread
Comparing the experimentally determined temperature and salinity tolerance ranges of C. japonica Stage 1 zoeae to potential coastal New Zealand habitats suggests that C. japonica could survive at all sites in the North Island and further south to Akaroa Harbour in the South Island (43°49 0 S, 172°56 0 E) (Fig. 3, 4) . The upper thermal tolerance limit of the C. japonica zoeae is not relevant in New Zealand, therefore, zoeae have the capacity to survive summer temperature maxima (Fig. 3) . Furthermore, the large salinity tolerance range found for the zoeae indicates that they have the potential of surviving the predominant salinity LS 50 ± 95% CI (%) 10.8 ± 0.2 11.2 ± 0.2 11.3 ± 0.2 11.5 ± 0.3 12.8 ± 0.4 15.4 ± 0.5, 19.1 ± 0.9, 41.5 ± 0.5 39.6 ± 0.7 conditions at these sites (Fig. 4) . However, it is important to note that a number of sites exhibit daily fluctuation of salinities that are too hypo-or hypersaline for the optimum for Stage 1 C. japonica zoeae. For example, Whangarei Harbour, in which several individual C. japonica were collected in May 2009, showed a salinity gradient of 1.5-24.4% over 40 h during the breeding month of January 2006 (Auckland Regional Council 2009) . If the zoeae hatched on those days and were not able to escape those hypo-or hypersaline conditions, they would most likely not be able to survive.
Discussion
The dispersal and population establishment of C. japonica beyond its present range depends on the influence of several biotic and abiotic factors such as physiological stress, starvation, competition, predation, sinking and advection of the early stage zoeae (reviewed in Morgan 1995). Here we have shown that unfed, unacclimated Stage 1 C. japonica zoeae can tolerate a wide range of temperatures and salinities, with optima between 12 and 33°C (LT 50 C 34°C) and 18 and 35% (LS 50 at B19.1 and C39.6%). These tolerance values are within the environmental ranges of most of New Zealand's estuaries and harbours during C. japonica's reproductive period, and include the optimal temperatures found for zoeal laboratory rearing in their native range (27-30°C to megalopae, Yatsuzuka 1952; 24 ± 1°C to Stage 3 zoeae, Jiang and Wang 2004) . The tolerance ranges and mortality estimates reported here apply to only the first stage of C. japonica's zoeal development. There may be sub-lethal responses to temperature and salinity, particularly at the extremes, that were not evident here due to the short duration of the experiments but that may appear in later developmental stages (see Pechenik 1987) . For example, long exposure to low temperatures and salinities can delay molting and extend the duration of development in crab zoeae and megalopae (Hai et al. 1998; Baylon and Suzuki 2007) . Low salinities, in particular, can decrease respiration and digestion rates (Anger et al. 1998) , which result in reduced dry body weight and lipid content . However, even if the larvae are able to survive temperature and salinity fluctuations, they experience further risks that increase mortality as they continue their development in the plankton due to starvation, predation, and offshore transport (Rumrill 1990; Morgan 1995; Vaughn and Allen 2010) .
Further, temperature and salinity tolerances of crustacean larvae can differ between developmental stages and may also depend on the environmental conditions experienced by developing embryos (reviewed in Pechenik 1987) . Female brachyuran crabs attach their embryos externally, giving them the ability to osmoregulate on their own (Charmantier et al. 2001; Taylor and Seneviratna 2005) . This may allow the embryos to acclimate to low salinities during embryogenesis and positively impact their ability to tolerate low salinities after hatching (Charmantier et al. 2002; Giménez 2002; Giménez and Torres 2002) . This is true for Stage 1 zoeae of several crab species that have higher tolerances than later stage larvae (Lough 1976; Anger 1991 Anger , 1998 Cieluch et al. 2004; Brodie et al. 2007) . Enhanced tolerances in the first zoeal stage, through hyper-regulation, may enable zoeae to endure brackish estuarine waters until they migrate in later developmental stages to higher, more stable open ocean salinities by advection or swimming (Cieluch et al. 2004) . With further development, their regulatory ability and thus, the ability to tolerate low salinities may increase again, producing adults with high hyper-regulatory capacities (Charmantier and Charmantier-Daures 1991; Cieluch et al. 2004; Taylor and Seneviratna 2005) . As C. japonica adults migrate in and out of estuaries that experience the full range of environmental variables, it will be important to determine the temperature and salinity tolerances of all developmental stages in future research.
Zoeal survival in C. japonica will also be influenced by fluctuations in sea surface temperatures and salinities in estuaries and harbours related to physical features such as residence time (the range in New Zealand is 1.5 and 24 days, Heath 1976), water temperature and depth, proximity to freshwater sources, season and wind. For example, in the Waitemata Harbour, which has a residence time range of 6-7 days (Williams 1986 ), C. japonica has been captured at sites that experience temperature ranges of 17-26°C and salinity ranges of 25-37% during the breeding season (Auckland Regional Council 2009 ). In its native range, development through the six C. japonica zoeal stages takes a minimum of 17 days after hatching, with Stage 1 taking a minimum of 3 days (Yatsuzuka 1952) . If a gravid female spawned in the upper Waitemata Harbour, zoeae might mature to the third developmental stage before reaching the oceanic temperature and salinity conditions of the harbour entrance 20 km away. However, if water currents retained larvae in the upper reaches, progression through all the zoeal and megalopae stages might occur in the generally warmer and lower salinity conditions of the estuary. This may become particularly important for larvae at higher latitudes where the oceanic temperature may be much cooler than the shallower estuarine water.
Although the impact of C. japonica on New Zealand's native marine species remains unclear at the present time, this large (up to 110 mm CW) portunid crab is a significant predator on important benthic invertebrates and may play a key role in structuring communities (Fowler, in preparation) . In its native range, C. japonica preys upon a large variety of benthic species including bivalves, crustaceans, cephalopods and fish and may also catch squid and shrimp (Ai-Yun and Yang 1991; Weimin et al. 1998) . It can be expected that C. japonica, once it occurs in high densities, will consume high numbers of bivalves and other benthic marine fauna in New Zealand (Fowler, in preparation) . Based on the results presented here, the temperature and salinity tolerances of C. japonica Stage 1 zoeae do not appear to be a significant barrier to C. japonica's continued spread in temperate New Zealand. Additionally, as Stage 1 zoeae show enhanced survival at temperatures C16°C, and optimal rearing conditions at temperatures [24°C (Yatsuzuka 1952; Jiang and Wang 2004) , the warmer seawater temperatures predicted under global climate change for New Zealand (1.5-3°C increase, Salinger and Hicks 1990) may facilitate the expansion of the species southwards into areas normally too cold for larval development (e.g. deRivera et al. 2007). We therefore predict that, as a result of larval and/or adult dispersal from populations within New Zealand and/or additional introductions from overseas, C. japonica will spread and establish populations in other harbours and estuaries on the North Island within the next decade.
